Recent reports have shown that SLG, one of two genes linked to the S locus of Brassica, encodes a secreted glycoprotein. We have used RNA gel blot analysis, genomic and cDNA clone analysis, expression in transgenic plants, and immunodetection to characterize SLG2, the SLG gene derived from the S2 haplotype. This haplotype belongs to the class II group of S haplotypes that exhibit a weak incompatibility phenotype and are pollen recessive. We showed that SLG2 produces two transcript forms: the expected 1.6-kb transcript that predicts a secreted glycoprotein and an alternative 1.8-kb transcript that predicts a membrane-anchored protein. Stigmas of the S2 haplotype and pistils of transgenic tobacco plants transformed with the SLG2 gene produce a membrane-associated 62-kD protein as well as soluble 57-and 58-kD glycoforms. Because of the sequence similarity between SLG2 and the extracellular domain of the S Locus Receptor Kinase (SRK2) gene, the membrane-anchored form of SLG2 may be viewed as a naturally occurring truncated form of the receptor that lacks the kinase catalytic domain. The occurrence of this protein has potential implications for the activity of the full-length receptor. Furthermore, the underlying structure of the SLG2 gene suggests the evolution of SLG from an ancestral SRK-like gene.
INTRODUCTION
The self-incompatibility response of Brassica involves cell-tocell interactions between pollen and the papillar cells of the stigma that result in the recognition and inhibition of self-pollen at the stigma surface. More than 50 naturally occurring variants, classically designated as S alleles, have been identified at the self-incompatibility (S) locus in Brassica oleracea (Ockendon, 1974) . Self-incompatibility in this genus is sporophytically controlled (Bateman, 1955) , and the activity of S alleles in the stigma and pollen of heterozygous plants is dependent on the outcome of complex dominanthecessive allelic interactions (Thompson and Taylor, 1966) . Based on their behavior relative to other alleles in the stigma and pollen of heterozygous plants, S alleles have been arranged in a dominance series (Thompson and Taylor, 1966) . Two major classes of S alleles have been recognized . Highactivity (class I) alleles are placed relatively high on the dominance scale and exhibit a strong incompatibility phenotype, whereas low-activity (class II) alleles have a weak or leaky incompatibility phenotype and exhibit recessive and competitive interactions in%pollen.
.Molecular analysis of the Brassica self-incompatibility system has led to the view that the S locus is a complex locus i Current address: Sogetal Incorporated, Hayward, CA 95455. To whom correspondence should be addressed.
that consists of at least two physically linked genes (Boyes and Nasrallah, 1993) : the S Locus Glycoprotein (SLG) gene encodes a secreted glycoprotein (Nasrallah et al., 1985 (Nasrallah et al., , 1987 Kandasamy et al., 1989) , and the S Receptor Kinase (SRK) gene encodes a transmembrane protein kinase with an extracellular domain that shares sequence similarity with SLG . In view of this complexity, the naturally occurring S locus variants, historically called "S alleles," should be viewed as "S haplotypes" .
The high degree of S locus polymorphism is reflected in the sequence variability of S locus genes. In comparisons between different S haplotypes, extensive sequence polymorphisms are observed between alleles of the SLG gene (Nasrallah et al., 1987; Trick and Flavell, 1989; Chen and Nasrallah, 1990; Dwyer et al., 1991; Goring et al., 1992a Goring et al., , 1992b Gaude et al., 1993) and SRKgene Goring and Rothstein, 1992) . A particularly high leve1 of polymorphism has been noted between class I and class II haplotypes: the SLG and SRKgenes in the class II S, haplotype share only -70% sequence identity with class I alleles of these genes (Chen and Nasrallah, 1990; Stein et al., 1991) .
Whether derived from class I or class II haploiypes, S locus genes share certain features in common. In both classes, the SRK gene encodes a 3.0-kb transcript and consists of six exons
658
The Plant Cell separated by seven introns, with its extracellular SLGhomologous S domain encoded in its entirety by the first exon of the gene . In contrast, all SLG alleles reported to date encode a 1.6-kb transcript (Nasrallah et al., 1985 (Nasrallah et al., ,1987 (Nasrallah et al., ,1988 Trick and Flavell, 1989; Goring et al., 1992a Goring et al., , 1992b Gaude et al., 1993) . Where genomic clones were available, this transcript was shown to be colinear with the genomic sequence, leading to the conclusion that the gene is intronless (Nasrallah et al., 1988; Chen and Nasrallah, 1990) . SLG and the S domain of SRK isolated from the same S haplotype share a high level (>90%) of sequence identity, suggesting that the two genes evolve in concert . The origin of the SLG/SRK gene pair and the processes that allow the apparent coevolution of these genes within a haplotype while generating a high degree of polymorphism between haplotypes are not understood. Nevertheless, the sequence conservation exhibited by the SLG/SRK gene pair and the fact that both genes are expressed specifically in stigmas and anthers (Sato et al., 1991; Stein et al., 1991) suggest a functional interaction between their products. Together, the findings that SRK exhibits intrinsic protein kinase activity (Goring and Rothstein, 1992; Stein and Nasrallah, 1993) and that SLG is necessary for the operation of self-incompatibility (Toriyama et al., 1991; Nasrallah et al., 1992) suggested a model of selfincompatibility in which SRK, acting in combination with SLG, couples the recognition event at the pollen-stigma interface to a cytoplasmic phosphorylation cascade that leads to pollen rejection .
To investigate the molecular basis of the genetic interactions that occur between S haplotypes in heterozygotes and of the variable activity exhibited by different haplotypes, we have focused on the analysis of two representative haplotypes: the class IS 6 haplotype and the class II S 2 haplotype (Chen and Nasrallah, 1990; Stein et al., 1991) . In this report, we show, through the isolation of SLG 2 cDNA clones and protein analysis, that unlike class I SLG genes which encode only secreted glycoproteins, the SLG 2 gene encodes a membrane-anchored SLG protein as well as a secreted SLG form. This feature is discussed in reference to the genetic and phenotypic properties of the S 2 haplotype. The unusual structure of the SLG 2 gene reported here provides clues to the evolution of the SLG/SRK gene pair and suggests that the SLG gene was derived by duplication of the SRK gene.
RESULTS

SLG 2 Gene Produces Two Classes of Transcripts
The analysis of SLG genes from several class I haplotypes has shown that SLG is expressed specifically in cells of the pistil and anther of Brassica (Nasrallah et al., 1988; Sato et al., 1991; Goring et al., 1992a Goring et al., , 1992b and produces a transcript that is ~1.6 kb in length. In the stigmatic papillar cells, this transcript was shown to encode a secreted glycoprotein that The RNA blots were hybridized with an SLG2 cDNA probe. The molecular length of the hybridizing bands is indicated in kilobases at left. accumulates in the cell wall (Kandasamy et al., 1989) . The analysis of SLG 2 , the SLG gene derived from the S 2 haplotype, had also identified an open reading frame that could potentially encode a secreted glycoprotein (Chen and Nasrallah, 1990) . However, in the course of further characterizing the S 2 haplotype, we noted an unexpected complexity on RNA gel blot analysis. Figure 1A (lane Br) shows that an SLG 2 cDNA probe identifies three classes of transcripts in stigma RNA: 3.0-kb transcripts corresponding to SRK mRNA and two smaller transcripts of ~1.6 and 1.8 kb. The occurrence of the latter two transcripts suggested that either the SLG 2 or the SRK 2 gene may encode alternative transcript forms.
To distinguish between these two possibilities, we examined the transcript profiles in tobacco plants transformed with the SLG 2 gene. Tobacco provides a convenient heterologous system for the analysis of SLG genes: tobacco DNA and RNA do not hybridize to Brassica SLG probes under standard hybridization conditions, and earlier work has shown that SLG transgenes are expressed in pistils and produce the expected transcript in transgenic tobacco (Moore and Nasrallah, 1990) . A Ti vector carrying the SLG 2 gene was introduced into tobacco by Agrobacterium-mediated transformation. Several kanamycin-resistant plants were generated and analyzed for expression of the transgene. Figure 1A (lane To) shows that the pistils of transgenic plants produced two SLG 2 transcripts which exhibited the same apparent sizes as the 1.6-and 1.8-kb Brassica transcripts. Based on these results, we concluded that the two transcripts are derived from the SLG2 gene and are not truncated SRK2 transcripts. Figure 1B shows that the 1.6-and 1.8-kb SLGrderived transcripts were also produced in anthers of Brassica (lane Br) and transgenic tobacco (lane To). However, the relative steady state levels of the two transcripts differed in stigmas and anthers. In Brassica, the two transcripts accumulated to equivalent levels in stigmas, while the 1.6-kb transcript was found at higher levels than the 1.8-kb transcript in anthers. A similar difference in transcript leve1 was observed in pistils and anthers of transgenic tobacco (compare lanes To in Figures  1A and 16 ). The additional transcripts detected in tobacco anthers but not in Brassica anthers are attributed to aberrant transcription and/or processing of the SLG2 transcripts in this tissue.
translation initiation codon of the S region in each gene into the second exon of the SRK2 gene. The alignment of the sequences 3' of the S domain is shown in Figure 2 , with the nucleotides numbered from the ATG initiation codon in each gene. The sequence similarity was lost 11 bp before the donor splice site of the second intron of SRK2. Sequences immediately downstream of the TAG codon (at positions 1312 to 1314) previously reported to function as a stop codon in SLG2 (Chen and Nasrallah, 1990 ) exhibited significant sequence similarity to the first intron of the SRK2 gene. These 3'sequences were not entirely colinear, however. In SRK,, the first S domain-encoding exon is separated from the second transmembrane-encoding exon by a 2.2-kb intron, whereas the corresponding region in SLG2 is only 833 bp in length. This difference is largely due to the fact that a 1.4-kb segment corresponding to the region from nucleotides 1363 to 2785 in the first intron of SRK2 is not represented in SLG2. In addition, severa1 smaller deletions/insertions were noted in this region. SLG2 Gene Shares Unexpected Nucleotide Sequence Similarity with the SRK2 Gene 3' of the S Domain Two SLG2 Transcripts Differ at Their 3' Ends When the SLG2 genomic sequence was compared to that of SRK2, the region of sequence similarity between the two genes was found to extend from ~3 0 0 bp upstream of the The sequence similarities between SLG2 and SRK2 3'of their S domains suggested that the 833-bp region extending from
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---- . . Figure 2 ) corresponds to an intron and that the two SLG2 transcripts identified on RNA gel blots may differ at their 3' ends. The rapid'amplification of cDNA ends method was used to identify the 3' limits of the SLG2 transcriptional unit. Amplification of reverse-transcribed stigma poly(A)+ RNA was performed by the polymerase chain reaction with a 21-bp oligonucleotide primer (5' amplimer) located 742 bp downstream of the translation initiation codon of SLG2 and a 3' oligo(dT) primer. The amplified products were cloned into the pCR1000 vector (Invitrogen), and six positive clones were isolated by hybridization with an SLG2 cDNA probe. Among these positive clones, two different classes of polymerase chain reaction products were identified. One clone contained a 700-bp insert, whereas five clones contained 900-bp inserts. DNA sequence analysis of the cDNAs showed that the 700-bp insert extended from the 5' amplimer to nucleotide 1451 of SLG2. The sequence of this cDNA was colinear with the genomic SLG2 sequence over this region. In contrast, the sequence of the 900-bp cDNA inserts was colinear with the SLG2 genomic sequence for only 568 bp (nucleotides 742 to 1309 in Figure 2 ). This 568-bp sequence was joined in the cDNA to a 297-bp sequence identical to the region located 833 bp downstream of the S region and extending from nucleotides 2143 to 2439. These data demonstrated that the SLG2 gene consists of two exons separated by an 833-bp intron. Figure 3 diagrams the structures of the SLG2 and SRK2 genes, the regions of shared sequence similarity, and the transcripts they encode.
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Based on the results of the cDNA analysis, the 1.6-and 1.8-kb SLGP transcripts are predicted to terminate at nucleotides 1451 and 2439, respectively. To confirm this prediction, we hybridized pistil RNA from tobacco transformed with SLG2 to probes expected to be specific for each transcript (probes a and b in Figure 3 ). Figure 4 shows that, of the two transccipts detected by the SLG2 cDNA (lane l), the 1.6-kb transcript hybridized specifically with a probe from a genomic clone (probe a) extending from nucleotides 1275 to 1864 (lane 2), while the 1.8-kb transcript hybridized specifically with a probe from a cDNA clone (probe b) containing nucleotides 1275 to 1309 in the first exon and from nucleotides 2143 to 2273 in the second exon (lane 3).
Because these results were unexpected, we rescreened a hgtlO cDNA library constructed from stigma RNA of plants homozygous for the se haplotype. Fifty SLGs cDNA clones were isolated, and the ends of the cDNA inserts in these clones were sequenced in an attempt to find alternative transcripts of the SLG6 gene: The cDNA clones differed in the length of their poly(A) tails. However, all50 cDNAs terminated at approximately the same position, which was 120 bp downstream of the stop codon in the SLG6 gene, consistent with previous observations that this gene lacks an intron and encodes a secreted glycoprotein product.
SLG2 Gene Sequence Predicts Secreted and MembraneAnchored Protein Products
The two SLG2 transcripts are predicted to encode different polypeptides. The 1.6-kb transcript includes the TAG stop codon at positions 1312 to 1314 and is predicted to encode a primary translational product of 437 amino acids. On the other hand, the 1.8-kb transcript represents a spliced transcript that terminates at nucleotide 2439. The TAG codon at positions 1312 to 1314 is excluded from this transcript; as a result, a 494-amino acid open reading frame that includes the S domain and 58 additional amino acids is generated.
Hydrophilicity analysis (Hopp and Woods, 1981) was performed on the sequences of the two predicted SLG 2 polypeptides. Figure 5 shows that a hydrophobic region of 31 amino acids is present at the N terminus of both polypeptides. A corresponding region in other SLG genes was previously shown to function as a cleavable signal for targeting the protein to the endoplasmic reticulum and secretion. An additional hydrophobic region of 22 amino acids is present near the C terminus of the polypeptide predicted from the 1.8-kb transcript. This hydrophobic sequence would stop the translocation of the polypeptide and form a transmembrane helix that would anchor the polypeptide to the plasma membrane. The mature protein encoded by the 1.8-kb transcript would thus represent a membrane-anchored form of SLG, whereas that encoded by the 1.6-kb transcript represents secreted SLG.
A comparison of the predicted amino acid sequences at the C terminus of the secreted and membrane-anchored forms of SLG 2 and the corresponding region in SRK 2 is shown in Figure 6 . The region of sequence identity between the two SLG 2 polypeptides, which extends over the entire S domain kb The same filter was probed sequentially as follows: lane 1, hybridization with the SLG 2 cDNA probe; lane 2, hybridization with a probe specific for the 1.6-kb mRNA (probe a in Figure 3) ; lane 3, hybridization with a probe specific for the 1.8-kb mRNA (probe b in Figure 3 ).
The lengths of the transcripts are indicated in kilobases at the left. from residues 1 to 436, ends at the C terminus of the secreted form one amino acid before the stop codon that generates this form. In the membrane-anchored polypeptide, this region is followed by 58 residues (Asp-437 to Val-494) encoded by the second exon and not found in secreted polypeptide. Of these 58 residues, 22 amino acids (lle-450 to Trp-471) constitute the hydrophobic region that corresponds to the transmembrane domain of SRK 2 . Only four of these 22 residues diverge between SLG 2 and SRK 2 . The remaining 23 amino acids are predicted to form a short intracellular domain in the membraneanchored SLG 2 . The region of sequence similarity between SLG 2 and SRK 2 extends into this cytoplasmic domain over nine residues, only one of which diverges between the two sequences. This nine-amino acid sequence, which in SLG 2 contains five basic residues, is typical of sequences that immediately follow the transmembrane domain in membranespanning proteins (von Heijne and Gavel, 1988) . This juxtamembrane sequence is followed by 14 amino acids that are unique to the membrane-anchored form of SLG 2 .
Immunodetection of Secreted and Membrane-Anchored Forms of SLG 2 in Stigmas
Protein immunoblot analysis was performed to determine if the SLG 2 gene does in fact produce soluble and membraneanchored protein forms. For this analysis, we used the polyclonal rabbit antiserum PR2, which identifies stigma antigens corresponding to SLG glycoforms from class I and class II haplotypes as well as the glycoprotein products of SLR genes (T. Tantikanjana, M. E. Nasrallah, and J. B. Nasrallah, manuscript in preparation). Proteins were extracted from transgenic and control tobacco pistils and from Brassica stigmas either in a Tris-HCI buffer or in SDS-PAGE sample buffer. Figure 7 shows the immunoblot patterns obtained following SDS-PAGE of the protein extracts. The soluble SLG 2 proteins are identified as a protein doublet of ~57 and 58 kD evident in transgenic tobacco pistils (Figure 7 , lanes T) and in Brassica S 2 stigmas (lanes 2), but which are not in control untransformed tobacco pistils (lanes C). Extraction of transgenic tobacco pistils or S 2 stigmas in SDS-PAGE sample buffer solubilized an additional SLG 2 protein of ~62 kD (asterisks). Such a higher molecular mass form is predicted from the 1.8-kb SLG 2 transcript. The low level of this 62-kD protein detected in Tris-HCI extracts is ascribed to the presence of contaminating membrane vesicles. In contrast to these results, only soluble SLG proteins were detected in stigmas from plants homozygous for the two class I haplotypes analyzed, S 6 (lanes 6) and S, 3 (lanes 13+). No higher molecular mass immunoreactive proteins were solubilized by SDS-PAGE sample buffer from the stigmas of these class I haplotypes, which is consistent with predictions based on the cDNA analysis reported earlier. It should be noted that approximately equal amounts of soluble SLG protein from Tris-HCI and SDS-PAGE sample buffer extracts from each tissue sample were analyzed. However, the 50-and 51-kD products of the SLR1 gene were more abundant in the SDS sample buffer extracts than in the Tris-HCI extracts. This difference
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The Plant Cell is attributed to the differential solubility of this protein in the two buffers.
transcript contains sequences from the first exon and terminates within the first intron. This transcript, like the transcripts previously reported for other alleles of SLG, is predicted to encode a secreted glycoprotein. The second and larger transcript contains sequences from the first and second exons and is predicted to encode a membrane-anchored form of SLG. This form consists of an extracellular domain that contains the 436 amino acids of the S domain plus an additional 13 residues, a 22-amino acid transmembrane domain, followed by a short
DISCUSSION
We have shown that the SLG2 gene contains an intron and produces two transcripts that differ at their 3' ends. One 23-amino acid cytoplasmic domain. This membrane-anchored form is expected to exceed the molecular mass of the secreted form by ~6 kD. In fact, immunoblot analysis of native Sj stigma proteins and of pistil proteins from transgenic tobacco plants that express the SLG 2 gene has revealed the presence of soluble immunoreactive proteins of 57 and 58 kD and of an immunoreactive protein of 62 kD that is extracted at appreciable levels only in detergent-containing buffer. The features we have described for the SLG 2 are unusual. Previous analyses of several class I SLG genomic sequences in two Brassica species (Nasrallah et al., 1988; Dwyer et al., 1991) had indicated that these genes are intronless. Only one transcript form is produced by these genes, as has been determined from the analysis of endogenous SLG mRNA in Brassica tissues (Nasrallah et al., 1985; Trick and Flavell, 1989; Goring et al., 1992a Goring et al., , 1992b and of SLG-encoded transcripts in transgenic plants (Moore and Nasrallah, 1990) . These observations were verified in a thorough analysis of SLG 6 cDNAs performed in this study: we found no evidence for alternative SLG transcripts among 50 cDNAs screened. In addition, the extraction of stigmas with detergent-containing buffer failed to reveal the occurrence of a membrane-bound form of SLG in plants homozygous for class I haplotypes such as SB and Sra. It remains possible, however, that the SLG genes from class II haplotypes, such as those corresponding to the classic S 5 and S r5 alleles (Thompson and Taylor, 1966) , which are similar to S 2 in their genetic behavior, are structurally similar to SLG 2 . Analysis of these haplotypes should determine if the production of a membrane-anchored SLG is a general feature of the leaky and pollen-recessive class II haplotypes.
The two SLG 2 transcripts are expressed in stigmas and anthers. In stigmas, they occur in approximately equal levels, whereas in anthers, the smaller secreted glycoprotein-encoding transcript is more abundant and may be more stable than the Stigmas or pistils were extracted in Tris-HCI buffer (lanes a) and SDS-PAGE sample buffer (lanes b), and the amount of protein loaded was adjusted to give equivalent staining of the soluble SLG bands. Total protein (10 to 20 ng) for the Brassica sample or total protein (20 to 35 ng) for the tobacco sample was analyzed by 10% SDS-PAGE, transferred to nitrocellulose, and analyzed with the PR2 antiserum. C, control untransformed tobacco pistils; T, transgenic tobacco pistils; 2, stigmas from Brassica SjS? homozygotes; 6, stigmas from a Brassica SeS 6 homozygote; 13+, stigmas from a Brassica S r3 S )3 homozygote. Lanes 2 and 6 represent sibling plants from one F 2 population, and lanes 2+ and 13* represent sibling plants from another F 2 population (see Methods). The soluble and polymorphic SLG bands detected in Tris-HCI and SDS buffer extracts are indicated by dots; the 62-kD SLG 2 form detected predominantly in SDS buffer extracts of transgenic tobacco pistils and Brassica S 2 stigmas is indicated by asterisks. The SLR1 protein doublet detected in all Brassica stigma extracts is indicated by open circles. Molecular mass standards in kilodaltons are shown at the left. Comparison of the predicted amino acid sequences at the C terminus of the secreted (s) and the membrane-anchored (m) forms of SLG 2 and of the S domain of the SRK 2 protein. The 3' end of the S domain is indicated by the arrowhead, and the transmembrane (TM) domain is underlined. Only the beginning of the kinase domain of SRK 2 is shown. The numbers correspond to the amino acid residues in the predicted amino acid sequences.
Brassica
larger transcript in this organ. The SLG promoter has been shown to be active in the papillar cells of the stigma, in the anther tapetum, and in microspores (Sato et aJ., 1991) . At this time, it is not known whether the two SLG 2 transcripts are expressed both in tapetum and microspores or if the two transcripts are translated in anther tissues. Nevertheless, at least three classes of S locus-encoded molecules are predicted to be displayed at the papillar cell-pollen interface in the S 2 haplotype. As diagrammed in Figure 8 , this interface would exhibit a transmembrane SRK receptor protein kinase, a secreted SLG glycoprotein that would accumulate in the papillar cell wall (Kandasamy et al., 1989) , and a membrane-anchored SLG glycoprotein. In contrast, in class I haplotypes, such as S 6 , the papillar cell-pollen interface would contain only the first two classes of proteins (Figure 8 ).
The unique properties of the SLG 2 gene described in this paper provide a possible molecular explanation for the differences in the activities and genetic properties of S haplotypes. The leakiness and/or recessive nature of the S 2 haplotype may be associated with the production of an anomalous The mSLG2 represents the 62-kD membrane-anchored protein found in the S, haplotype but not in the s 6 haplotype. The S domains of the SLG-derived gene products are shown as stippled boxes, and the S domains of the SRK-derived gene products are shown as white boxes. The transmembrane domains are indicated by striped boxes, and the black boxes represent the kinase domains of the SRK-derived gene products.
Haplotypes.
membrane-bound form of SLG. To evaluate the possible effect of membrane-anchored SLG on papillar cell-pollen signaling, it is useful to search for analogous situations in animal systems. To our knowledge, naturally occurring truncated forms of receptor protein kinases that lack the kinase catalytic domain and that are expressed in the same cell types as the wild-type receptor have not been reported in other systems. Such truncated receptors have, however, been engineered in vitro, reintroduced into appropriate cells, and shown to interfere with the function of the wild-type receptor (Amaya et al., 1991; Hemmati-Brivanlou and Melton, 1992; Redemann et al., 1992) . In these studies, signaling through the receptor was inhibited completely by a 200-fold excess of the truncated receptor and only partially by lower levels of the mutant receptor. The activation of receptor protein kinases is thought to depend on ligand-induced receptor dimerization mediated in large part by the extracellular domain of the receptor (reviewed in Ullrich and Schlessinger, 1990; Massague, 1992) . The truncated receptors that lack the kinase domain apparently interact with the wild-type receptor through their extracellular domain, thus creating unproductive receptor heterodimers and suppressing signal transduction. Because SLG and the extracellular domain of SRKfrom the same S haplotype, although not identical, share a high degree of sequence identity, the SLG gene may be viewed as corresponding to the extracellular domain of SRK. In the Sz haplotype, the membrane-anchored form of SLG would simulate a truncated kinase-negative form of SRK and interfere with receptor function. Because SLGp transcripts are only modestly more abundant than SRKz transcripts in Sz tissues, only partial interference-and therefore a leaky self-incompatibility phenotype-would be achieved. Such a partially active receptor system could also account for the pollen-recessive nature of the Sz haplotype in heterozygotes, if competitive interactions between the proteins encoded by different S haplotypes is assumed to occur in pollen-stigma recognition.
In addition to suggesting a molecular basis for the genetic properties of the Sz haplotype, the structure of the SLGp gene has yielded important information relating to the molecular evolutionary history of the SLG/SRK gene pair. The high degree of sequence similarity between SLG and the S domain of SRK noted in severa1 S haplotypes points to the occurrence of an ancestral duplication event and the operation of a homogenizing process, perhaps involving gene conversion, that maintains the present-day high degree of sequence identity between the two genes. The sequence similarity we observed in the introns and transmembrane domains of SLGz and SRKz argues that SLG is derived from SRK by duplication of the extracellular domain. Based on the data from the Sz haplotype, the duplication event may have been partial and involved only the first two exons of SRK. Alternatively, a duplication of the entire SRK gene may have been followed by the deletion of the exons that encode the kinase catalytic domain.
The subsequent loss of the second exon would have generated the SLG gene structure found in S haplotypes like S,. It is also possible that the duplication event that generated the SLG/SRKgene pair may have occurred more than once in the evolutionary history of the S locus.
In any event, the work reported in this paper illustrates that it is possible, through the analysis of the intrinsic variability of S haplotypes, to uncover molecular footprints in the evolutionary history of the Brassica S locus and to obtain clues to the processes of gene duplication and diversification as they relate to function and evolution of a sporophytic genetic selfincompatibility system.
METHODS
Plant Material
The Brassica oleracea var a/bog/abra (Chinese kale) inbred lhe homozygous for Sa self-incompatibility haplotype and the 6. oleracea var acephala (kale) s 6 and ST3 homozygotes were derived from plant material initially obtained from the Gene Bank Facility at Wellesbourne, U.K., courtesy of D. J. Ockendon. The B. oleracea plants homozygous for the S,, Ss, and SI3 haplotypes used in the protein analysis were Fp plants derived from S& x s,& and S& x SI& families.
lsolation of Genomlc and cDNA Clones
The isolation of genomic clones containing the S Locus Glycoprotein (SLG2) and S Receptor Kinase (SRK,) genes from an S2 genomic library in the vector XGEMll (Promega) was previously described (Chen and Nasrallah, 1990; Stein et al., 1991) . The construction of cDNA libraries from stigma poly(A)+ RNA in the vector XgtlO was described previously (Nasrallah et al., 1987) .
Plant Ransformation
A DNA fragment containing the SLGP gene was inserted into the Ti vector pBIN19 (Bevan, 1984) . The recombinant plasmid was introduced into the &mbacterium tumefaciens pCIB54ZA136, a strain derived from pEHAlOl (Hood et al., 1986) , and the resulting bacterial strains were used to transform leaf discs of Nicotiana tabacum cv Petit Havana as described previously (Horsch et al., 1988) . Kanamycin-resistant plantlets resulting from independent transformation events were propagated and analyzed. The presence of inserted DNA sequences in the putative transgenic plants was verified by DNA blot analysis.
RNA Gel Blot Analysis
For the analysis of endogenous Brassica transcripts, stigmas from flower buds at 1 day before anthesis and anthers at the binucleate microspore stage were harvested. For the analysis of transgene-encoded transcripts, pistils and anthers of transgenic tobacco plants were harvested from 45-mm flower buds. Poly(A)+ RNA was isolated by using the FastTrack mRNA isolation kit (Invitrogen, San Diego, CA). The RNA was subjected to electrophoresis on 1% (whr) agarose gels in the presente of formaldehyde, transferred to GeneScreen membrane (Du Fbnt), hybridized, and processed as described previously .
3' End Amplification and Cioning of SLGz cDNAs
Poly(A)+ RNA isolated from S, stigmas was reverse transcribed and amplified with the mRNA GeneAmp kit (Perkin-Elmer-Cetus). The amplification was primed with a 5' 21-bp oligonucleotide primer (5'-AATTATACGGAGAACAGTGAG3) and an oligo(dT) 3'primer. The resulting amplified cDNA was cloned into the vector pCRlOOO using the TA cloning kit (Invitrogen).
DNA Sequence Analysis
Nucleotide sequence analysis of the amplified cDNA inserts and of the SLGa and SRK, clones was performed by double-stranded sequencing (De1 Sal et al., 1989 ) of a series of nested deletions generated with the Erase-a-Base kit (Promega).
Proteln lmmunoblot Analysis
Brassica stigmas and transgenic tobacco pistils were collected from open flowers and frozen in liquid NP. The tissue was extracted either in 10 mM Tris-HCI, pH 7.2, buffer as described previously (Nasrallah et al., 1985) or in SDS-PAGE sample buffer consisting of 80 mM Tris-HCI, pH 6.8, 1% (whr) SDS, 15% (whr) dithiothreitol, and 10Y0 (v/v) glycerol. For each tissue sample, the amount of total protein loaded per lane was adjusted to produce equivalent amounts of soluble SLG protein in the Tris-HCI and SDS sample buffer extracts. The proteins were separated on 10% (whr) SDS-polyacrylamide gels and transferred to nitrocellulose membranes by electroblotting as described previously (Umbach et al., 1990) . The membranes were probed with the PR2an-tiserum, an antiserum raised to a trpE-SLR2 fusion protein (T. Tantikanjana, M. E. Nasrallah, and J. B. Nasrallah, manuscript in prep aration). The protein blots were then treated with goat anti-rabbit IgG conjugated to alkaline phosphatase (Promega), and the immunoconjugates were detected according to the manufacturer's instructions.
